The adsorption of organic molecules on solid substrates is important to applications in fields such as catalysis, photovoltaics, corrosion inhibition, adhesion, and sensors. The molecular level description of the surface-molecule interaction and of the adsorption structures in these complex systems is crucial to understand their properties and function. Here we present the investigation of one such system, benzotriazole (BTAH) on single crystal Cu(111) in vacuum conditions. BTAH is the most widely used corrosion inhibitor for copper and thus a molecule of great industrial relevance. We show that the co-application of a wide range of spectroscopic techniques with theoretical methods provides unique insight in the description of the atomistic details of the adsorbed structures. Specifically, spectroscopic photoemission, absorption and standing wave experiments combined with ab initio computational modeling allowed us to identify that benzotriazole forms overlayers of intact BTAH when deposited at low temperature and it dissociates into BTA and H at room temperature and above. The dissociated molecule then forms complex structures of mixed chains and dimers of BTA bound to copper adatoms. Our work also reveals that copper adatoms at low concentrations, such as the theoretically predicted superstructures cannot be be resolved by means of current X-ray photoelectron spectroscopy (XPS) as the modelled Cu 2p spectra are practically indistinguishable from those for a Cu surface without adatoms. Overall this study significantly deepens understanding of BTAH on Cu -a system studied for more than 50 years -and it highlights the benefits of combining spectroscopic and computational methods in order to obtain a complete picture of a complex adsorption system.
Introduction
Complex organic molecules have many uses in industry and technology. Their interaction with crystalline surfaces is at the core of a large, and growing, number of applications. A few examples can be found in the fields of engineering, such as in corrosion protection 1 or friction reduction, 2 in energy conversion and storage, where molecule-surface interactions are central to, for example, dye-sensitized solar cells 3 or in biology, where surface functionalization is needed for many novel biodiagnostics tools. 4 In all cases, an in-depth knowledge of the interface layer between the molecule and the surface is required to understand how the technology itself works. This is however not always achieved, and this lack of understanding is often a barrier to the improvement of these technologies. In the present work we show how this issue can be addressed via a combination of a variety of spectroscopic techniques and density functional theory. In particular, we apply these methods to the example of benzotriazole adsorbed on a copper substrate.
Benzotriazole (BTAH, shown in Fig. 1 ) is the most widely used corrosion inhibitor for copper which, like most metals, is subject to tarnishing and corrosion when exposed to a humid atmosphere. 5 It owes its popularity to its efficiency and it has been consistently used in industrial applications since the 1940s, when it was first synthesized. 6 The reason behind its ability to stop copper from tarnishing and corroding is, however, still elusive despite the large amount of research which has been performed over the years to this aim (as reviewed in Ref. 7 ). Early experimental studies by means of X-ray diffraction, 8 electrochemical measurements 9 and infra-red spectroscopy 10 established that BTAH forms a passivating film by adsorbing on metal or oxidized copper surfaces. The detailed structure of this film and its nanoscale atomistic details have not been unequivocally established, partly because of the insolubility of BTAH in aqueous and many organic solutions, which has precluded, until recently, detailed structural and chemical studies. On the left hand side the quantities used in Eq. 5 are defined: the surface normal (n), the polarization of the X-ray ( ), the polar angle (θ) and the azimuthal angle (φ). Cu atoms are copper colored, carbons are cyan, nitrogens blue, and hydrogens while. This color scheme is used throughout.
bility issue and allowing us to focus on the nanoscale details of adsorption. In particular, synchrotron X-ray spectroscopy 11 has revealed the adsorption structure of a wide range of molecules, from simple diatomic to complex ones, on many different substrates. Indeed, single-crystal spectroscopy under ultra-high vacuum (UHV) conditions can shine a light on the structure of a surface or an adsorbed film without interference from external atmospheric factors. At the same time, on the computational side, density functional theory (DFT) is the go-to tool for the study of adsorbed structures, where the accurate description of intermolecular and molecule-surface bonds is of paramount importance.
Benzotriazole is a complex organic molecule: it can chemisorb to the substrate via the azole moiety, physisorb via the benzene-like ring, [12] [13] [14] [15] form complex H-bonded overlayers when intact 16, 17 or instead deprotonate and form structures stabilized by copper adatoms. 16, [18] [19] [20] [21] The application of some spectroscopic techniques has revealed that under UHV conditions BTAH dissociates into BTA and hydrogen, and that BTA forms ordered structures on the surface. 8, [22] [23] [24] [25] [26] [27] The experimentally observed variety of structures includes 4 flat lying chains, 8, 22, 23 upright chains, 24 upright isolated molecules 25 and dimers. 26, 27 Also on the computational side, chain 16, [19] [20] [21] or dimer 18 structures consisting of organometallic BTA-Cu complexes have been proposed.
It has been unclear so far whether these discrepancies arise from different experimental conditions, interpretation of the results or both. In the present work we show that the adsorption of such a complex organic molecule requires multiple experimental and computational techniques to uniquely identify its adsorbed structure and the application of one single method will likely lead to an incomplete description of the system. In particular, the interplay between theory and experiment is necessary in order to identify "hidden" features in the spectra, such as the coexistence of multiple structures or the presence of surface adatoms.
Moreover, we highlight that when previous experimental results are re-interpreted in light of our findings good agreement is generally obtained between the different studies.
In the following, the orientation of the molecules with respect to the surface is investigated using near edge X-ray absorption fine structure (NEXAFS), chemical bonding using X-ray photoelectron spectroscopy (XPS) and NEXAFS, desorption and dissociation temperatures with temperature programmed XPS (TP-XPS) and distance of the molecule from the surface with normal-incidence X-ray standing wave (NIXSW). DFT is also used to complement and help interpret this suite of experimental techniques. Similar combinations of spectroscopic methods and DFT have been successfully employed to describe the structure of systems of adsorbed molecules on metals such as the interface between liquid water and gold, 28 methyl acetoacetate and nickel, 29, 30 ethylene and Si(100) 31 or a dye and ZnO, 32 to name but a few.
We restrict our work to Cu(111) as it is the lowest energy surface for copper and thus the dominant face exposed.
The structure of the paper is as follows: the Methodology section introduces the experimental and computational methods; this is followed by the Results, where we show first the temperature-dependent behavior of the adsorbed system, then the structure of the adsorbed layer at 300 K for two BTAH coverages and finally we investigate the structure of 5 the Cu(111) surface and the presence of Cu adatoms. The Discussion and Conclusions are then presented.
Methodology Experimental
The experiments were carried out at beamline I09 of the Diamond light source. The beamline features two canted undulators for soft X-rays (0.1 -1.5 keV) and hard X-rays (2.1 -15 keV), respectively. The endstation has a UHV analysis chamber with a base pressure in the low 10 −10 mbar range. It is equipped with a Scienta EW4000 HAXPES hemispherical electron energy analyzer with an acceptance angle of ±30
• , which was used for X-ray photoelectron spectroscopy, near-edge X-ray absorption fine structure spectroscopy, and normal-incidence X-ray standing wave data collection. The analyzer was mounted at an angle of 90
with respect to the hard (soft) X-ray beam in the plane of the photon polarization.
The Cu single crystal was clamped onto a heater plate, which was mounted on a liquid nitrogen-cooled cold finger, thus allowing heating and cooling between 120 K and 900 K.
The Cu(111) surface was cleaned by repeated cycles of Ar sputtering at room temperature and annealing to 900 K until all contaminants' XPS signals were below the detection limit (< 0.01 ML). The benzotriazole layers were deposited prior to the spectroscopy experiments in a preparation chamber which can be separated from the analysis chamber and allows transfer in vacuum. Prior to dosing, benzotriazole (Sigma Aldrich, purity 99%) was heated to 55
• C in a pumped test tube and thoroughly degassed. At this temperature the vapor pressure is high enough to dose 100% saturation quantities directly onto the surface through a needle valve connected to the UHV chamber. Benzotriazole was dosed at pressures in the 10 −8 mbar range.
XPS spectra in the C 1s, N 1s and Cu 2p regions were recorded at 10
• off-normal emission using photon energies of 420 eV, 515 eV and 1080 eV, respectively. The binding energies 6 (BE) were calibrated with respect to the Fermi energy which was determined by measuring spectra of the Fermi edge using the same parameters (monochromator settings, pass energy, etc.). In addition, the spectra were normalized with respect to the low BE background. The overall energy resolution for the XPS data shown here is around 0.2 eV. Fast temperatureprogrammed (TP-)XPS spectra were recorded while the sample was annealed at a rate of 0.1 K s −1 (6.1 K per spectrum). C and N K-edge NEXAFS spectra were recorded using the KLL Auger electron yields integrated over the kinetic energy ranges 252.5 to 267.5 eV and 372.5 to 383.5 eV, respectively. Spectra of the clean surface were subtracted from those of the adsorbate-covered surfaces. The N K edge spectra were then divided by the beamline flux (I 0 ) measured with a gold mesh inserted in the beamline. The C K-edge spectra were divided by the integrated signal of the Cu 3p XPS peak, measured with the same photon energy, as the I 0 signal showed features of carbon contamination. Even with this procedure, however, features due to contamination of the beamline optics could not be removed completely and/or discriminated from genuine adsorbate-induced features, especially in the pre-edge region. All spectra shown here were normalized at 320 eV and 425 eV, respectively.
The normal incidence X-ray standing wave (NIXSW 33 ) measurements were performed in the same endstation. The integrated intensity of the N 1s photoemission peaks were used to monitor the relative X-ray absorption of the N atoms. The photoemission spectra were acquired in fixed energy mode with a pass energy of 500 eV. A calibration curve was generated by dividing a fixed energy mode scan by a swept energy mode scan with the same step size and comparable acquisition time acquired over an area of the XP spectrum that was comparably flat. This calibration curve was used to normalize the N 1s photoemission spectra, which were then fitted with a linear background and four Gaussian line shapes corresponding to the two chemically unique N species in the adsorbed molecule (see below) and two shake-up energy loss features. Non-dipolar effects, due to the angular dependence of the photoemission, were modeled using theoretically calculated values, as described in Ref. 34 and in the Supporting Information. The NIXSW measurements were repeated five times on 7 different spots of the sample and the absorption profiles were fitted separately to produce an average value for the coherent fraction, f coh , and coherent position, p coh , and the associated random uncertainty. f coh and p coh are defined through the following equation:
The sum runs over all absorber atoms contributing to the respective N 1s peak. 
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Simulation
Simulated NEXAFS spectra and XPS core level shifts were calculated using DFT-based methods for the most stable BTA(H)/Cu(111) structures identified in previous publications. 16, 18, 19 In addition, a new upright monomer configuration has also been considered (see 
where E BTAH and E slab are, respectively, the total energies of the BTAH molecule in the gas phase and of the substrate (with Cu adatoms). E system is the total energy of the whole system, consisting of BTAH adsorbed on the Cu slab, for an intact structure, and of BTA and H co-adsorbed on the substrate, for the deprotonated case. N Cu is the number of adatoms and g Cu the calculated formation energy. The parameter α can take the values 0 (the adatoms are present on the surface prior to adsorption) or 1 (all adatoms have to be formed from the copper bulk). A thorough examination of the cost of adatom formation and how that affects the stability of the systems is presented in the Supplementary Information (SI).
XPS core shifts for N 1s and Cu 2p were calculated with VASP in the final state approximation (screening by the valence electrons is included only) using a modified PAW method.
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The core electron binding energy is calculated as the difference between the total energies of the final (excited) state and the initial (ground) state:
The specific quantity reported herein is the binding energy shift, ∆E B , relative to a reference system:
where E for each species.
The NEXAFS spectra for the nitrogen and carbon K-edges were simulated using the XCH method 42 which has been custom-built into the Quantum-ESPRESSO package. 43 The core-hole excitation is imposed by replacing the ground state pseudopotential with a core-excited one derived from a constrained electronic structure configuration (e.g. 1s 1 2s 2 2p 4 for nitrogen).
The X-ray adsorption cross-section is calculated using Fermi's golden rule, whose transition matrix (A) elements are calculated within the projector-augmented wave approximation.
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The θ-dependent spectra (where θ is the angle between the polarization direction and the surface normal, see Fig. 1 ) are finally obtained via a 2D isotropic average of the cross section:
In the above,ˆ is the polarization vector, φ the polar angle, θ the azimuthal angle and xx, yy, zz the diagonal elements of the transition matrix A. The directions are defined as the xy plane being parallel to the surface and the z axis perpendicular, and corresponding to θ = 0. Similar to the XPS calculations, the excitation energies obtained from this DFTbased method deviate significantly from the experimental values. In order to match the simulated spectra with the experimental ones, a shift is applied such that the first peak of the π * resonance corresponds to the first peak in the experimental data. Calculations were performed on the pre-optimized structures (with VASP, as described above) at the Γ point and a generalized implementation 45 of the Shirley k-space interpolation scheme 46 is used for Brillouin zone sampling. The PBE exchange-correlation functional, 47 Vanderbilt ultrasoft pseudopotentials 48 and a plane-wave basis set with a kinetic energy cutoff of 25 Ry (340 eV)
were used. For comparison and validation XPS core shifts were calculated also with the XCH method. The shifts obtained with VASP and XCH presented the same trends and the maximum differences observed in ∆E B were of the order of 50 meV. This highlights that the two methods used for the calculations in this study are compatible. 
Results
Adsorption models for benzotriazole on Cu(111)
In this section we use DFT to examine the adsorption energies and spectroscopic features for possible adsorption geometries of benzotriazole on Cu(111). All the computed spectra reported herein are new. The structures shown in Figure 2 (and, with more details, in Fig.   S1 ) are taken from a large pool of previously published candidate structures. 16, 18, 19 Only the most stable structures were considered for this work, as explained in detail in the SI.
Although it is expected that the molecule is deprotonated (i.e. BTA) at room temperature, we also consider BTAH structures. The most stable BTAH configurations are shown in ML for low coverage, 1 4 ML for high coverage); e) low coverage BTAH ( ML). The dark brown atoms on top of the Cu(111) surface (depicted in light brown) are copper adatoms. The NEXAFS spectra have been calculated for θ = 17 (black), 42 (red), 67 (blue), 87
• (green), where θ is the angle between the polarization and the normal to the surface. In the structural figures (middle panels), the a and b labels indicate molecules a and b in the corresponding XPS spectra. N1, N2 and N3 are defined in Fig. 1 . In the XPS spectra the N atom closer to the surface has its calculated spectrum centered at 0. Adsorption energies are calculated according to Eq. 2.
12 they were found to be unfavorable with respect to the intact structures presented in Fig. 2 .
They are therefore not considered in this study. The structures of the low ( (Fig. 2b,d ). The computed shift in binding energy for these N3 atoms is however only 0.64 eV (at low coverage) and 0.58 eV (at high coverage) higher with respect to the other nitrogens. For the dimers, the binding energies are equally spaced out for the six nitrogens examined, the range of binding energies being 0.8 eV.
The simulated N K-edge NEXAFS spectra for the BTA structures show two absorption peaks about 1.5 eV apart, which are both associated with the π * system. The more intense 13 Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 peak at low photon energy is narrow for the chain structures (Fig. 2b,d ), broader for the dimer (Fig. 2c) and split for the monomer structures (Fig. 2a) . This reflects the different levels of N-Cu bonding in these structures. The σ * system shows two distinct peaks at about 6 and 12 eV above the first π * -resonance. The angular dependence of both π * and σ * -resonances is as expected for a system dominated by resonant N=N and N=C double-bonds with the respective orientations. 49 The upright monomer structure (Fig. 2a) is characterized by a strong angular dependence in the π * -resonance with the highest cross section close to normal incidence (θ = 90 • ). One component of the first σ * -resonance peak shows the opposite behavior, whereas the other features are largely unaffected by the changes in the polarization vector. The angular dependence expected for the low-coverage chain structure ( Fig. 2b) is almost opposite to that of the monomer with the highest absorption cross section for the main π * -resonance peak at grazing incidence (θ = 17 • ). The cross section does not go to zero for normal incidence and instead a shoulder grows, which is due to the fact that the structure consists of two molecules with different orientations. Both σ * -resonance peaks show the opposite angular behavior. The high-coverage chain structure (Fig. 2d) leads to a more moderate angular dependence as the tilt of one of the two molecules in the structure is close to the "magic angle" of 54.7
• , for which no angular dependence is expected. For the same reason, the dimer structure (Fig. 2c) shows almost no angular dependence in the modeled NEXAFS spectra.
The Boltzmann probability distribution for these structures (shown in Fig. S2 of the Supporting Information) shows that every one of them is favorable for different conditions of the surface (i.e. whether the surface is more or less disordered with many or few adatoms) and therefore they all have to be carefully considered.
The character of the adsorption structures for non-deprotonated BTAH (Fig. 2e-g ) changes according to the coverage. At low coverage ( Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 tion of N-Cu bonds. Two isoenergetic structures are observed: a monomer structure with no hydrogen bonds (Fig. 2f) and a H-bonded dimer configuration (Fig. 2g) . Structures with higher coverages are unstable. Therefore, eV apart. The monomer (Fig. 2f) shows two distinct peaks almost 2 eV apart: one for N1
and N3, and a second for N2 which is neither bonded to the triazole H (N1) nor to the surface (N3). Finally, in the dimers (Fig. 2g ) the peaks corresponding to the six N atoms of the structure are fairly spread apart over 1.5 eV, with the N1 atoms having the highest binding energies.
The simulated N K-edge NEXAFS spectra for BTAH at low coverage (Fig. 2e) show a π * system composed of three distinct peaks ∼ 1.5 eV apart, which reflect the three chemical environments of the triazole nitrogen atoms: one involved in a H-bond, the central one in a N-Cu bond and one bonded to a H atom. The σ * system shows two distinct peaks with opposite angular dependence with respect to the π * resonance i.e. the highest intensities are for grazing incidence in the π * resonance and normal for the σ * . At high coverage, the spectra for the monomer (Fig. 2f) show two π * peaks of similar intensity spaced ∼ 1 eV apart, and a σ * system with two peaks and a node. In the case of the dimer (Fig. 2g) , there is instead a single peak with a shoulder for π * and two distinct peaks for σ * . In both spectra the highest intensity for the π * resonance is at normal incidence and for the σ * at grazing angles. 
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Temperature-dependent behavior of the adsorbed system
The temperature dependence of the benzotriazole layer on Cu(111) was studied by means of XPS and TP-XPS. In particular, the onset of deprotonation into BTA and H, desorption and decomposition were investigated. When dosing benzotriazole at 320 K, the intensities of the C 1s and N 1s XPS spectra saturate after 5 min (Fig. 3) . Indeed, the 8 min spectrum Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 coverage calibration of all other BTA layers studied in this work. Comparison of both the C 1s and N 1s peak intensities consistently leads to a coverage of 30% saturation for the 2 min spectrum. The C 1s spectra at 320 K show a single peak at BE 284.8 eV, which is consistent with carbon atoms in an organic system. The N 1s signal has a main peak at 399.4 eV, a shoulder at 400.3 eV, which is more pronounced for the low-coverage spectrum (2 min) than for saturation coverage, and a satellite feature around 407 eV. Additional dosing at 240 K does not increase the coverage significantly except for a small additional asymmetry at the high binding energy side of the main signal. Dosing at 170 K, however, leads to multilayer growth and the main peaks of the spectra shift by about 0.5 eV with respect to the chemisorbed species. After dosing for 20 min at 170 K the Cu 2p signal is completely attenuated (< 1 % of clean surface signal, not shown). Using the inelastic mean free path for 150 eV electrons through glassy C (7.5Å) 50 we estimate that the layer is at least 35Å thick. Figure 4 shows N 1s spectra recorded for 36 % and 100 % saturated layers at 300 K.
We find good qualitative agreement between the experimental XPS spectra and the model spectra for low and high coverage BTA chains or dimers which are also shown in Fig. 4 . The experimental spectra are broader, however they contain the same features as the calculated ones, i.e a main peak with a shoulder at high BE, which is more pronounced for the low coverage than for 100 % saturation coverage. The narrow distribution of N 1s binding energies of less than 1 eV in the experimental spectra clearly rules out the presence of BTAH on the surface, which would lead to broad or multiple features spread over 2 − 3 eV (see Fig. 2 and 4 ).
TP-XPS reveals further insights into the thermal evolution of the benzotriazole layer.
After dosing the equivalent of 114% of the saturated chemisorbed layer onto the clean surface at 280 K (Fig. 5b ) very significant differences are observed in the N 1s signal compared to the layer dosed at 320 K (Fig. 3a) which are lifted once the sample is annealed to 320 K (Fig. 5a, b) . These observations are explained by intact adsorption of benzotriazole (BTAH) 17 Our model calculations show that this is a signature of high-coverage BTAH (see Figure 4) .
At 320 K the spectrum shows a single peak with a shoulder, as described above, which is in good agreement with theoretical predictions for deprotonated BTA (see Figure 4) . The specific BTA structure formed at room temperature at high coverage will be discussed in Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 copper in air up to a temperature of ∼ 620 K. This is consistent with these results showing that benzotriazole or its dissociation products cover the surface up to this temperature.
Adsorption at 300 K Deprotonation
The XPS spectra discussed in the previous Section show that benzotriazole is deprotonated at room temperature. To add support to this conclusion, the structure of benzotriazole deposited at 50% and 100% saturation on Cu(111) was studied with NEXAFS, both for the N and the C K-edge. The combination of the experimental measurements and their comparison to DFT-optimized structures and calculated spectra allows us to conclude that the adsorbed overlayer consists of deprotonated BTA for both coverages. Indeed, the experimental N K-edge spectra show π * -resonances at excitation energies between 398 − 401 eV and σ * -resonances at energies above 402 eV (Fig. 6a, 8a ). For both coverages, for the π * -resonance, two clearly resolved peaks are observed and the σ * system has two features about 5 eV apart.
As the calculated spectra for BTAH predict a third peak in the π * system (chains, Fig. 2e) or a very different character in the σ * system (monomer and dimers, Fig. 2f and g ), this
indicates that at 300 K benzotriazole is deprotonated into BTA and H.
Model C K-edge spectra for all candidate structures are shown in Fig. S2 of the Supporting Information. They all show two equally intense π * -resonance peaks (except for the BTAH monomer, where one main peak is observed instead), 1.2−1.7 eV apart. The lower excitation energy is associated with π states within the C 6 -ring; the higher energy peak is an excitation in π-states near the C=N bonds. The experimental C K-edge spectra recorded at 300 K for both 50% and 100% saturation coverage show two π * -resonance peaks (Fig. 6b, Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Structure at low coverage NEXAFS spectra for the N and C K-edge (θ = 17
• , 42
• , 67 • ) were collected for benzotriazole deposited at 50% saturation and they are shown as solid lines in Fig. 6 . These were compared Figure 6 : Comparison of experimental and computational spectra for the a) N K-edge and b) C K-edge for low coverage BTA adsorption at 300 K. Experimental data are shown as solid lines. The computational spectra (dashed lines) are those for a mixture of 25% upright monomers (Fig. 2a) and 75% low coverage chains (Fig. 2b) . The angle θ refers to the angle between the X-ray polarization vector and the surface normal (see Fig. 1 ).
to theoretical spectra for all structures described in the previous Section and shown in Fig. 2 and the best fit is shown as dashed lines in Fig. 6 .
The highest intensity for the N K-edge (Fig. 6a) is observed for θ = 17
• , indicating that there is a significant number of flat-lying molecules present at the surface. The low-coverage chain structure in Fig. 2b is the only deprotonated case where the calculated NEXAFS spectra show the highest π * cross section for low values of θ. The low coverage chains alone provide good agreement with the experimental data.
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Page 21 of 39 Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 However, the C K-edge spectra suggest a that mixed adsorption structure of chains and upright monomers (up to 30%) might be a better fit. Indeed, the angular dependence of the π * region in the experimental C spectra (Fig. 6b, solid lines) are more in line with an upright orientation of the C 6 -ring, contrary to the results obtained from the N K-edge. None of the theoretical spectra showed opposite angular dependence between N and C K-edge, as expected, since the π * orbitals are perpendicular to the plane of the molecule in both cases. In addition, one would expect that at least some of the σ * -resonance show an opposite behavior to the π * -resonance, which is not observed in these experimental spectra. Compared to the N K-edge, the data collection of C K-edge NEXAFS spectra is more challenging because carbon contamination of the beamline optical elements results in very significant drops in the beamline transmission in this spectral region. Despite best efforts with normalization, this can cause artificial features and large errors in relative intensities. It can therefore not be excluded that the relative intensities and, thus, the angular dependence is affected by artifacts in the normalization procedure. Moreover, that the signal for 50 % saturation is significantly smaller than for 100 % (shown in Fig. 8b ).
ACS Paragon Plus Environment
Alternatively, this result could suggest that the structure is a mixture of flat and upright geometries contributing differently to the spectra of the two different edges. Indeed, adding between 25-35% of upright monomers to the system does not alter the character of the N K-edge, however it reverses the angular dependence of the π * -resonances in the C K-edge as shown in Fig. 6b . We can therefore conclude that low coverage BTA chains are dominant in the low coverage adsorption of benzotriazole on Cu(111), however 25-35% of upright monomers might also be present.
Structure at high coverage
The structure of benzotriazole deposited at 100% saturation on Cu(111) was studied with NEXAFS, both for the N and the C K-edge, and NIXSW. While NEXAFS is capable of determining bond angles, NIXSW allows the determination of the height of atoms above 22 Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 a single crystal surface. Therefore the combination of the two techniques provides a more complete picture of the system. Figure 7 : Experimental data and fits to the NIXSW Bragg reflection (black curve) and peak intensity curves of the two resolved N 1s peaks (red: low BE signal; blue high BE signal).
NIXSW data were acquired for the saturated chemisorbed BTA layer dosed at 320 K (for 9 min). A detailed description of the data analysis and representative experimental data are included in the Supporting Information. All DFT models predict a wide distribution of heights of carbon atoms within the aromatic rings, which are all contributing to the single C 1s peak at 284.8 eV. Therefore, these positions cannot be determined by NIXSW. The number of nitrogen atoms is smaller, their height distribution narrower, and there is a clear shift in binding energy between different species, which makes the determination of their positions far more viable. Figure 7 shows the energy dependence of the low and high BE N 1s peaks (399.4 and 400.3 eV) and the reflectivity curve together with fits. The coherent fractions, f coh , and positions, p coh , resulting from the fits (and calculated using Eq. 1) are listed in Table 1 Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 Table 1 . Satisfying agreement with the experimental data is achieved for mixtures between 30% : 70% and 35% : 65%. It should be noted that the coherent fraction can be significantly affected by small levels of contamination and beam damage, which cannot be completely ruled out in these experiments. Therefore one expects a larger discrepancy between experiment and model in these values. The experimental error bars stated in Table 1 are based to the variance of the fits to different data sets and do not include such systematic errors.
Experimental NEXAFS spectra for the N and C K-edge were obtained for θ = 17
• ,
67
• , 87
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spectra which are shown correspond to the 30% low coverage chains and 70% dimers mixture which is the best fit with the NIXSW data. Good agreement between this structure and the experimental data is obtained. For the N K-edge (Fig. 8a ) the experimental data show two distinct π * -resonance peaks and broad σ * features ∼ 5 eV apart. While the position of the π * peaks is the same for all angles, 398.8 eV and 400.3 eV, a small shift is observed in the positions of the σ * peaks, from 406.1 eV for small incidence angles (θ = 17 • ) to 405.3 eV at high incidence angles (θ = 87 • ). It is worth noting that the angle dependence of the π * and σ * -resonance peaks is also in good agreement with the computed spectra of the high coverage chains (see Fig. 2d and Fig. S2d) . Therefore, without the extra information provided by NIXSW, the spectra could instead be assigned to this very different structure.
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Adatoms on the Cu(111) surface
As the chemical shifts in XPS strongly depend on the coordination of the emitter atoms, one would expect a significant shift in the binding energy of the Cu 2p photo-electrons emitted from the Cu adatoms with respect to the bulk signal. Our calculations for the surface layer of a 7-layer thick Cu(111) slab yield a surface core level shift of ∆E B = −0.28 eV with respect to the bulk atoms, which is in very good agreement with the experimental value. 53 Copper adatoms on the same slab (with no other adsorbates) lead to ∆E B ∼ −0.71 eV (see Table 2 , bottom). When BTA molecules are present on the surface, the binding energy shifts for the adatoms are reduced, or can even change sign, depending on the structure (see Table 2 Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60
Discussion
In the present work we have shown that a combination of spectroscopic techniques and DFT calculations provides a detailed description of the adsorption of a complex organic molecule on a substrate. In particular, we have studied benzotriazole on Cu(111) for a wide range of temperatures and at two coverages, providing new insight into its adsorption behavior. The benzotriazole/Cu system has long been studied; a variety of structures have been reported in the literature, at seemingly similar conditions, thus prompting the need for further work to improve our understanding of this system and to bring clarity to previous results. In the present work we used a combination of synchrotron-based spectroscopic experimental techniques (NEXAFS, XPS, TP-XPS, NIXSW) and DFT.
We shed a light on the structure of the adsorbed film, of the substrate and on the temperature evolution of the system. We have identified that up to 280 K benzotriazole forms adsorbed layers of intact BTAH on Cu(111). At room temperature the molecule is dissociated into BTA and H, confirming the results of previous studies at room temperature in UHV. [25] [26] [27] 54 Previous computational work has also shown that deprotonated adsorbed systems of benzotriazole are more stable 16, 19 and that the energy barrier for deprotonation is relatively low at below 1 eV.
55
Both at low and high coverage, complex structures with coexisting different molecular arrangements are observed. At low coverage, the predominant structure is chains of alternating upright and flat BTAs (Fig. 2b ). An excess of ∼ 20% of upright molecules with respect to flat-lying ones might also be present and they might appear either at the end of the low coverage chains or interspersed between the chains. At high coverage, a structure composed primarily of highly packed dimers is observed, and around 30% of low coverage chains coexist. A combination of techniques was found necessary to identify these structures unambiguously. XPS, which was used to probe the local chemical environment of the N atoms, gave theoretical spectra with relatively small differences between the different struc- Previous experimental studies of high coverage benzotriazole in UHV on Cu(111) have also shown a mostly upright adsorption of the molecules through the azole moiety, however they differ from each other and the present study in the predicted overlayer structure. Fang et al. 24 predicted a structure of upright chains connected by H-bonds between neighboring benzene and azole rings. The H-bond is however supposed to be very weak in this configuration 56 and the structure itself has subsequently been contested. 54 The newly proposed structure in Ref. 54 is instead of almost upright BTAs connected by copper adatoms, possibly forming chains. NEXAFS results by Walsh et al. 25 also suggested an almost upright adsorption of (deprotonated) single upright BTAs on the Cu(100) surface. The data from these studies and from the present work do agree with the orientation of high coverage BTA,
i.e. almost upright. These previous results can be re-read in light of the present findings and a good agreement across the board is obtained. In fact, the NEXAFS spectra of Ref. Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 surface and possible BTA-Cu polymerization. Again, these results are consistent with the present findings.
Finally, the dimer structures found to be prevalent in our study have also been observed by Grillo et al., 26, 27 by means of scanning tunneling microscopy (STM). A significant difference, however, between the present work and Ref. 26 is the prevalence of the dimers also at low coverage, rather than chains. This could be due to differences in the surface condition. Fig. S1 shows that the conditions of the surface can affect which Cu ad -aided structures are favorable, dimers being expected when the energy cost of forming the adatoms is very high.
It could thus be possible that this set of experiments fall into this range especially since the surface in Ref. 26 is reconstructed. Despite it being quite unusual, adsorbate-induced reconstructions have been observed for Cu(111). [57] [58] [59] [60] While the cause for the reconstruction is unknown in this case, its presence could have two important consequences: it could make the surface atoms less mobile, thus disfavoring the presence of adatoms at the sites needed to form chains, and it could provide templating effects which again could favor dimers over chains.
The present work also showed that the compact, high coverage layer of dissociated BTA is stable up to at least 450 K. Since dissociated BTA is strongly adsorbed to the surface, 16, [18] [19] [20] [21] this molecular "barrier" can perform a protective action towards Cu(111) via a competitive adsorption mechanism. 7 The protective action of the BTA overlayer against corrosion can be expected up to 670 K when complete desorption or decomposition is observed. The layer, however, becomes steadily less stable from 430 K, when desorption and decomposition start being appreciable, and thus corrosion inhibition is expected to decrease in this temperature range. This is in good agreement with previous findings of benzotriazole reducing oxidation of copper up to ∼ 620 K. Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60
Conclusions
The present work demonstrates that the synergy between several spectroscopic techniques and DFT calculations is necessary to reveal complex details of this system of organic molecules on a substrate. Indeed, DFT has helped clarify seemingly contradictory N and C NEXAFS spectra for low coverage adsorption, showing them to be compatible with an excess of upright molecules in the system, which is however dominated by chains. Similarly, the combinations of NEXAFS, NIXSW and DFT leads to the identification of a dimer/chain mixture as the high coverage structure, rather than the theoretically more energetically stable chains. This combination of techniques has also been pivotal in clarifying the experimental finding of a seemingly "clean" surface, i.e. without copper adatoms, observed with XPS. Indeed, DFT has shown that a distinct surface feature such as copper adatoms, resulting in theoretical XPS shifts on the order of ∼ 0.5 eV, does not affect the overall XPS spectra at the concentration needed in the adsorbed systems. Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 for access to beamline I09, technical and travel support under beamtime award SI12800. Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 36 Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Page 37 of 39 Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Page 38 of 39 Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
ACS Paragon Plus Environment
